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ABSTRACT Typical enteropathogenic Escherichia coli (tEPEC) is a leading cause of
diarrhea and associated death in children worldwide. Atypical EPEC (aEPEC) lacks the
plasmid encoding bundle-forming pili and is considered less virulent, but the molec-
ular mechanism of virulence is poorly understood. We recently identified kittens as a
host for aEPEC where intestinal epithelial colonization was associated with diarrheal
disease and death. The purposes of this study were to (i) determine the genomic
similarity between kitten aEPEC and human aEPEC isolates and (ii) identify genotypic
or phenotypic traits associated with virulence in kitten aEPEC. We observed no differ-
ences between kitten and human aEPEC in core genome content or gene cluster
sequence identities, and no distinguishing genomic content was observed between
aEPEC isolates from kittens with nonclinical colonization (NC) versus those with le-
thal infection (LI). Variation in adherence patterns and ability to aggregate actin in
cultured cells mirrored descriptions of human aEPEC. The aEPEC isolated from kittens
with LI were significantly more motile than isolates from kittens with NC. Kittens
may serve as a reservoir for aEPEC that is indistinguishable from human aEPEC iso-
lates and may provide a needed comparative animal model for the study of aEPEC
pathogenesis. Motility seems to be an important factor in pathogenesis of LI associ-
ated with aEPEC in kittens.
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Diarrhea is responsible for the death of an estimated 500,000 children per year
worldwide, with the majority of cases of mortality occurring in developing coun-

tries (1, 2). Recent studies have identified enteropathogenic Escherichia coli (EPEC) as a
leading cause of diarrhea in these children (3, 4). In the recent Global Enteric
Multicenter Study (GEMS), the EPEC isolates were identified as a significant cause of
childhood morbidity and mortality (3). Diarrhea caused by EPEC infection afflicts
approximately 17 million children each year (1), resulting in.120,000 fatalities (1, 4).

Enteropathogenic E. coli is an attaching and effacing pathogen that adheres to in-
testinal epithelial cells and alters their function. In typical strains of EPEC (tEPEC), viru-
lence is promoted by the presence of a plasmid harboring a bundle-forming pilus
gene cluster (bfp), which promotes initial adherence of the isolate to epithelial cells (3).
Tight adherence of EPEC is subsequently mediated by intimin, an adhesin encoded by
the E. coli attaching and effacing (eae) gene (5). The receptor for intimin, Tir, along with
other bacterial effector proteins, is injected by EPEC into host cells by using the type 3
secretion system (T3SS). These effector proteins lead to increased intestinal permeabil-
ity, altered electrolyte transport, and gut malabsorption (6–15). In contrast to tEPEC,
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atypical EPEC (aEPEC) is less virulent due in part to lack of the bfp gene cluster. The fac-
tors promoting the initial adherence of aEPEC to epithelial cells and significance of
aEPEC in childhood diarrhea are less well understood. Atypical EPEC is associated with
prolonged diarrhea in some studies (16, 17) but can be observed in children with and
without diarrhea (18, 19). In an effort to better understand the virulence of EPEC,
recent phylogenetic studies have identified that childhood isolates are highly diverse
and that multiple genes and gene clusters are associated with increased severity of dis-
ease (20–26).

Similar to that in children, death associated with diarrheal disease is common in
young food-producing and companion animals in the United States (27–29). The asso-
ciation of aEPEC with diarrhea in these species is also unclear, as is their speculated
potential to serve as a reservoir for human infection (30–33). In investigating causes of
death in orphan kittens, a companion animal population afflicted with a high rate of di-
arrhea and mortality, we observed a significant number of animals with postmortem
diagnosis of attaching and effacing E. coli infection (29). The culture-based prevalence
of aEPEC infection in kittens and detection in both normal kittens and kittens with diar-
rhea (34) mirrors that described in children with aEPEC (35). However, the onset and
duration of diarrhea in kittens with aEPEC is not as well characterized in this popula-
tion. Kittens with aEPEC and diarrhea had a significantly higher quantity (CFU/gram) of
fecal aEPEC, more severe intestinal pathology, need for parenteral fluid administration,
and mortality compared to kittens with diarrhea that did not have aEPEC (34). These
findings suggest that aEPEC infection in kittens mimics that of aEPEC in children.

Here, we conducted a comparative analysis of aEPEC isolates from healthy kittens
and those with diarrhea-related mortality. We determined the genomic similarity
between kitten aEPEC and human aEPEC isolates. Furthermore, we determined pheno-
typic traits associated with virulence. This study provides an improved understanding
of the pathogenesis of aEPEC infection and highlights the similarities between human
and kitten aEPEC isolates, suggesting translational potential of kittens for understand-
ing human aEPEC disease.

RESULTS
Source, identification, and selection of kitten aEPEC isolates. A total of 25 iso-

lates of kitten aEPEC were previously obtained from feces from six orphaned kittens
that died or were euthanized due to severe diarrhea (lethal infection [LI], 17 isolates)
(34), three healthy orphaned kittens euthanized due to overpopulation (six isolates)
(34), and two healthy kittens purchased from a commercial vendor (two isolates) (non-
clinical colonization [NC]) (36). Each isolate was identified as atypical (aEPEC) based on
the presence of eae and absence of the genes encoding bundle forming pilus (BFP)
and Shiga toxins 1 and 2. All isolates also lacked genes encoding heat-stable and heat-
labile toxins (estA, eltA, and eltB) from enterotoxigenic E. coli, invasion plasmid antigen
H (ipaH) from Shigella, enteroaggregative plasmid pCVD432 from enteroaggregative E.
coli, and cytotoxic necrotizing factors 1 and 2 (cnf1 and cnf2) from extraintestinal path-
ogenic E. coli. All isolates were further confirmed to be aEPEC on the basis of whole-ge-
nome sequencing. For each kitten from which multiple aEPEC isolates were obtained,
unique aEPEC isolates were selected on the basis of results of serotype and pulsotype
as previously described and reported (34, 36). This yielded six unique isolates from kit-
tens with nonclinical colonization and eight unique isolates from kittens with lethal
infection as shown in Table 1.

Genome sequencing and phylogenomic analysis of kitten aEPEC with comparison
to human EPEC. To characterize the genomic diversity of kitten aEPEC, we sequenced
the genomes of 14 kitten aEPEC isolates, including six from nonclinical colonization
and eight from lethal infection outcomes (Table 1). Of the 14 kitten aEPEC isolates, two
assembled poorly following genome sequencing, and these two assemblies were
excluded from further genomic analyses (Table 1). Of the remaining 12 kitten aEPEC
genome assemblies, the average genome assembly size was 5,132,215 bp (range,
4,939,863 to 5,378,008 bp) and average GC content was 50.55% (range, 50.44% to
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50.66%) (Table 1). In silico prediction of the serotypes of each of the kitten aEPEC
genomes identified six different serotypes, which were largely consistent with the labo-
ratory-based serotype determinations (Table 1). Also, in silico prediction of the multilocus
sequence types (MLSTs) identified at least six sequence types (STs), with ST20 predicted for
three of the six nonclinical colonization kitten aEPEC isolates (NC), and ST328 and ST40 each
predicted for two of the lethal kitten aEPECs (LI) (Table 1). Detection of known antimicrobial
resistance genes demonstrated that only one of the kitten aEPEC genomes contained resist-
ance genes other than intrinsic efflux pumps. LI isolate 53-1 contained predicted blaTEM-1,
dfrA12, aadA2, mphA, and sul1 genes (Table 1). In addition, detection of plasmid incompati-
bility types in each of the kitten aEPEC genomes demonstrated that all but one of the
genomes contained at least one region with similarity to a known plasmid family (Table 1).
These predicted plasmid types include IncFII and IncFIB plasmid families, which count many
of the E. coli virulence plasmids among their members (37).

We also compared the genomic similarity of the 12 kitten aEPECs to a collection of
149 previously characterized aEPECs from humans (22), using both phylogenomic and

FIG 1 Phylogenomic analysis of 12 kitten aEPEC isolates associated with nonclinical colonization (NC) or lethal (LI) infections
compared with a previously sequenced collection of 149 aEPEC genomes and 49 diverse E. coli and Shigella reference
genomes. The kitten aEPEC genomes are indicated by blue (NC) and orange (LI) labels. The previously described EPEC
phylogenomic lineages (22, 38) are indicated with gray shading, and the lineage reference genomes are in boldface font. The
E. coli and Shigella phylogroups (A, B1, B2, D, E, and F) are indicated in the interior of the phylogeny. Bootstrap values $80
are indicated by gray circles. The scale bar indicates the approximate distance of 0.06 changes per site.
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gene-based approaches. Interestingly, phylogenomic analysis demonstrated that all of
the kitten aEPEC genomes were identified in phylogroup B1, whereas the human
aEPECs were identified in phylogroups A, B1, B2, D, and E (Fig. 1; Table 1). However,
additional genome sequencing of kitten aEPECs may identify isolates that belong to
the other diverse E. coli phylogroups. By including reference genomes of the previously
described tEPEC phylogenomic lineages (21, 38), we determined that three of the non-
clinical colonization (NC) kitten aEPECs were identified in the EPEC2 lineage and one
NC aEPEC was identified in the EPEC7 lineage, while the remaining three NC aEPECs
were not in a previously defined tEPEC lineage (Fig. 1; Table 1). Of the six lethal infec-
tion (LI) kitten aEPEC genomes sequenced, two were identified in the EPEC7 lineage,
while the remaining four LI kitten aEPEC genomes were not in previously defined
tEPEC lineages (Fig. 1; Table 1).

Using large-scale BLAST score ratio (LS-BSR) to analyze the total genome con-
tent of selected human aEPEC isolates and all kitten aEPEC isolates, no gene clus-
ters were identified as being present in all of the kitten aEPECs and absent from
all of the human aEPECs, or vice versa (Table 2). Likewise, no genome clusters
were identified that differentiated all of the NC versus LI kitten aEPEC isolates
(Table 2). There were 23 gene clusters that were identified in $50% of the LI kitten
aEPEC genomes that were absent from all of the NC kitten aEPECs, compared to
265 gene clusters that were present in $50% of the NC kitten aEPECs that were
absent from all of the LI kitten aEPEC genomes (Table 2 and see Table S1 in the
supplemental material). Interestingly, many of the genes associated with the NC
kitten aEPEC had predicted protein functions associated with phage (Table S1).
This finding suggests there is greater gene conservation among the NC kitten
aEPEC isolates than with the LI kitten aEPECs; however, further analyses of a larger
number of genomes would be needed to determine if particular aEPEC isolates
and/or genes are more associated with NC versus LI outcomes in kittens. Also,
there were only four gene clusters identified in $50% of the kitten aEPEC
genomes that were absent from all of the human aEPEC genomes, and only 16
gene clusters identified in $50% of the human aEPECs that were absent from all
kitten aEPECs (Table 2 and S1). These data suggest that there are no genomic dif-
ferences that are exclusive to all of the isolates from either source. The greatest
number of gene clusters identified as being unique for the kitten versus human
aEPECs, or NC versus LI kitten aEPECs, were isolate specific, as many were identi-
fied in a single genome (Table 2). Overall, the gene-based comparisons indicate
that the kitten aEPEC isolates are indistinguishable on the genomic level from
human aEPEC isolates occupying the same EPEC phylogenomic lineage.

Virulence genes associated with kitten aEPEC from different clinical outcomes.
To establish whether conserved sequences of particular virulence genes were associ-
ated with NC versus LI outcomes in kitten aEPEC isolates, we characterized a subset of
known virulence genes bioinformatically using BSR (Fig. 2) and by PCR for select locus
of enterocyte effacement (LEE) genes (escN, ler, and espA) and the adherence-

TABLE 2 Number of gene clusters identified using LS-BSR in relation to species of origin (cat
versus human) and clinical outcome (LI versus NC)

Group 1 Group 2

No. of genomes No. of LS-BSR gene clustersa

Group 1 Group 2 All genomes ‡50% of genomes ‡1 genome
LI (cat) NC (cat) 6 6 0 23 863
NC (cat) LI (cat) 6 6 0 265 1,010
Cat (LI1NC) Human 12 151 0 4 314
Human Cat (LI1NC) 151 12 0 16 8,430
aThe total number of core gene clusters (LS-BSR$ 0.8) in all of the genomes (n=163) analyzed was 3,321. The
number of gene clusters that were present in all genomes,$50% of the genomes, or$1 of the genomes of
group 1 (LS-BSR$ 0.8) and absent from all of the genomes of group 2 (LS-BSR, 0.4).
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associated gene efa1 (lifA) (Table 3). Neither BSR nor PCR demonstrated significant
differences in the percentage of NC versus that of LI isolates having conserved
sequences for these individual genes.

Phenotypic characterization of kitten aEPEC from different clinical outcomes.
All 14 kitten aEPEC isolates (Table 1), including six from NC and 8 from LI outcomes,
were assayed for biofilm formation, motility, and adherence to HEp-2 cells in vitro.
Compared to a known non-biofilm-forming isolate of tEPEC, the majority of kitten
aEPEC isolates were identified as biofilm formers. As expected, the presence of salt in
the medium reduced biofilm formation for all isolates (Fig. 3). No significant difference
in the magnitude of biofilm formation was observed between aEPEC isolates obtained
from NC versus from LI kittens.

With the exception of one NC isolate, all isolates of aEPEC were determined to be
motile (Fig. 4). The NC isolates of aEPEC had an average (6 standard error of the mean
[SEM]) motility of 8.1 6 0.8mm, while the LI isolates of aEPEC had an average motility
of 12.4 6 1.7mm. The motility of LI isolates was significantly greater than that of NC
isolates of kitten aEPEC (P, 0.05, Student’s t test).

Among the 14 aEPEC isolates, 13 (93%) were demonstrated to adhere to cultured
HEp-2 cells based on results of a Romanowsky stain. Patterns of adherence included
localized adherence like (LAL), diffuse adherence (DA), and adherence of isolated indi-
vidual bacteria (IS) as previously described for human aEPEC (39). Fewer isolates (6/14
[43%]) demonstrated a range in intensity of recruitment of actin to sites of bacterial
attachment based on results of the fluorescence actin-staining (FAS) assay (Fig. 5 and
Table S2). There was no significant difference between LI and NC isolates in attachment
to HEp-2 cells or ability to recruit actin.

FIG 2 Presence in kitten aEPECs of E. coli genes of potential association with virulence. The presence
of each virulence gene was determined using BSR values of $0.8 indicating high similarity to the
reference strains of EPEC. Each bar represents the number of LI (black) isolates and number of NC
(gray) isolates of aEPEC. The total number of kitten aEPECs (n= 12) with conserved virulence genes is
shown on the y axis. Effect of each gene or defining characteristic of the genes are given along the x
axis. T3SS, type 3 secretion system; esp, E. coli secreted protein; A, actin pedestal formation; TJ, tight
junction disruptors; LEE, locus of enterocyte effacement; M, mitochondrial dysfunction; E3, E3
ubiquitin ligase; T2, type 2 secretion system genes; HCP, hemorrhagic coli pilus.

TABLE 3 Presence of conserved locus of enterocyte effacement genes, on the basis of PCR
amplification, in 14 kitten aEPEC isolates

Virulence gene

No. (%) of isolates

aEPEC (n=14) NC (n=6) LI (n=8)
escN 10 (71) 3 (50) 7 (88)
ler 10 (71) 3 (50) 7 (88)
espA 6 (43) 3 (50) 3 (38)
efa1/lifA 5 (36) 1 (17) 4 (50)
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DISCUSSION

In this study, we performed a core genome phylogenetic analysis of 12 aEPEC iso-
lates from lethal and nonclinical colonized cases of diarrheal illness in orphaned kittens
with comparison to isolates of human aEPECs, including all sequences of isolates
obtained from children enrolled in the Global Enteric Multicenter Study (3). The results
establish that kitten aEPECs possess considerable genomic diversity and cannot be dis-
tinguished phylogenetically, or by total gene content, from the genomes of aEPECs
from humans or other sources (21, 22, 40, 41). This observation supports the presump-
tion that nonhuman species, in this case, cats, may serve as a reservoir for human
aEPEC exposure (32, 42).

In an attempt to define a more virulent genome of kitten aEPEC, we compared the
gene content of aEPEC isolates from nonclinical colonized kittens to those from kittens
with lethal diarrhea. Among these isolates, no gene clusters were exclusively associ-
ated with infection outcome. When applied to childhood isolates of EPECs, these meth-
ods have identified several genes and gene clusters within the genome that are associ-

FIG 4 Assay of motility by kitten aEPEC. Each data point represents the mean diameter of motility of
a single isolate determined from repeated motility assays. The horizontal lines indicate the means
and SEMs for isolates from nonclinical colonization (NC; gray circles) and lethal infection (LI; black
circles). Gray line represents assigned threshold for designation of motility. *, P = 0.03; Student’s t
test.

FIG 3 B Biofilm formation by aEPEC isolates from kittens with nonclinical colonization (NC; gray bars) and lethal infection (LI; black bars).
Graph demonstrates the absorbance of crystal violet at 550 nm following biofilm formation by designated kitten aEPEC isolates cultured in
no-salt LB medium (A) and low-salt LB medium (B).
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ated with increased severity of disease, including presence of the EAF plasmid (i.e., bfp
positive) that is characteristic of tEPEC strains (20–23, 38, 43–45). All kitten isolates
were bfp negative, which explains why this association was not observed. Additional
gene clusters associated with symptomatic outcomes of infection in childhood EPEC
include alleles of the T3SS effectors NleG and EspJ, presence of the OI-122 pathogenic-
ity island, and other unknown and phage-associated genes (20, 21, 24–26). Using tar-
geted PCR, conserved sequences of genes spanning the LEE were amplified from the
majority of kitten aEPEC isolates. It is worthwhile to note that no genes of aEPEC have
yet been identified as universally associated with the presence of clinical disease. This
fact, along with the greater genomic diversity of aEPEC and relatively small number of
kitten isolates examined, likely explains why specific disease-associated genes were
not identified in the present study. Another important consideration is that the patho-
genicity of aEPEC is also dependent on host susceptibility and not simply on the pres-
ence of bacterial virulence factors. For example, we have previously shown that healthy
kittens do not develop diarrhea following experimental infection by kitten aEPEC,
while kittens with disruption of their intestinal microbiota prior to experimental infec-
tion experience increased water losses via their feces (36).

A key asset of the present study is the combination of the genomic analysis with
phenotypic characterization of aEPEC isolates from nonclinical colonized kittens com-
pared to isolates from kittens with lethal diarrhea. We focused on phenotypic charac-
teristics likely associated with increased exposure to aEPEC (biofilm formation) and
capability of aEPEC to gain access to (motility) and colonize (adherence) intestinal

FIG 5 Fluorescence actin and conventional eosin and methylene blue staining of HEp-2 cell monolayers infected with kitten
aEPEC isolates. (A) FAS-positive control monolayers infected with tEPEC strain E2348/69 showing a localized adherence (LA)
pattern. (B) FAS-negative kitten aEPEC (isolate 35-2). (C) Conventional eosin and methylene blue stain of monolayers infected with
kitten aEPEC (isolate K5) showing a hybrid localized adherence-like (LAL) and diffuse adherence (DA) pattern. (D) FAS-positive
adherence of bacteria from the same isolate shown in panel C showing an LAL adherence pattern. Arrows indicate actin filaments
(green) beneath adherent bacteria. For FAS assay, monolayers were counterstained with the nuclear stain DAPI (blue).
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epithelial cells. There was no significant association between nonclinical colonization
versus lethal isolates and magnitude of biofilm formation. However, aEPEC isolates
from kittens with lethal diarrhea demonstrated significantly greater motility than iso-
lates from kittens with nonclinical colonization, and in line with this finding, genes
encoding flagellin are associated with symptomatic outcomes of infection in childhood
EPEC (21). Moreover, we have previously demonstrated that kitten aEPEC isolates with
flagellin type H21 are more commonly associated with diarrheal mortality (34). These
observations support an association between motility of kitten aEPEC isolates and clini-
cal disease outcome but do not prove a causal link.

We additionally demonstrated that kitten aEPECs adhere to HEp-2 cells in a variety
of different patterns and not always accompanied by recruitment of host cell actin.
Both of these findings closely mirror a substantial behavioral diversity described
among human isolates of aEPEC in cell-based assays (39, 46) and support a potential
for kitten aEPEC to infect human cells. While we did not observe an association
between adherence or actin recruitment and diarrheal mortality, cell-based assays can
be unreliable predictors of in vivo behavior or pathogenic potential (47). In support of
this, our prior studies of the naturally occurring infection have identified adherence of
aEPEC to the intestinal epithelium only in tissue samples from kittens with clinical ill-
ness (29, 36, 48).

The results of this study suggest that aEPEC isolates from kittens are genomically
similar to those from human aEPEC infections. Our data suggest that motility of aEPEC
may contribute significantly to disease severity in kittens. Further work is needed to es-
tablish the mechanism of increased motility and the relationship to disease severity for
aEPEC isolates.

MATERIALS ANDMETHODS
Bacterial isolates. Isolates of aEPEC were previously cultured from feces (i) collected postmor-

tem from apparently healthy kittens after euthanasia by an animal control facility, (ii) collected
postmortem from kittens that died or were euthanized by an animal control facility due to severe
diarrhea, and (iii) collected from live apparently healthy kittens purchased from a commercial ven-
dor (34, 36). Fecal samples were obtained by swab of the colonic content. All sample collections
were performed with approval from the North Carolina State University Institutional Animal Care
and Use Committee. Colonic contents were swabbed and streaked onto MacConkey agar and incu-
bated at 37°C for isolation of enteric bacteria. Bacteria were identified as E. coli based on presence
of lactose fermentation and were streaked for purity on 5% Columbia sheep blood agar plates.
Seven colonies per kitten were evaluated for the presence of indole reactivity and lack of pyrroli-
donyl arylamidase and oxidase reactions using commercially available assays (Beckton, Dickinson
and Company, Franklin Lakes, NJ). Isolates of E. coli were frozen in 50% glycerol-lysogeny broth
(LB) at 280°C. Individual isolates of E. coli were evaluated by multiplex PCR (Pennsylvania State
University E. coli Reference Center, University Park, PA) for the presence of canonical E. coli viru-
lence genes encoding intimin (eae), Shiga toxins 1 and 2 (stx1 and stx2), heat-stable and heat-labile
toxins (estA, eltA, and eltB), invasion plasmid antigen H (ipaH), enteroaggregative plasmid
pCVD432, and cytotoxic necrotizing factors 1 and 2 (cnf1 and cnf2) using published protocols (49,
50). Isolates positive for eae underwent conventional PCR for identification of bundle forming pilus
(bfp) as previously described (51). Confirmation that eae-positive isolates were E. coli was per-
formed using matrix-assisted laser desorption ionization–time of flight (MALDI-TOF) (Vitek MS,
bioMérieux, Marcy l’Etoile, France) and verified by results of whole-genome sequencing.

Serotyping. Serotyping of the O antigen was performed using antisera directed to all identified O
antigens (O1-O187) (52). H typing was performed by PCR amplification of the fliC (flagella) gene followed
by analysis of HhaI restriction fragment length polymorphism (Pennsylvania State University E. coli
Reference Center, University Park, PA) as previously described (53).

Genome sequencing and assembly. Atypical EPEC from kittens without clinical signs of diarrhea
and aEPEC from kittens with clinical signs of diarrhea were selected for whole-genome sequencing
(Table 1). Genomic DNA was isolated from each strain by growing a single colony overnight in LB me-
dium in a shaking incubator set at 37°C. The genomic DNA was isolated using the GenElute genomic kit
(Sigma-Aldrich, Corp., St. Louis, MO). Genome sequencing was performed using Illumina HiSeq 2500
with 150-bp paired-end reads. Following sequencing, the Illumina reads were subsampled to approxi-
mately 120� sequence coverage and were assembled using the modified Celera assembler MaSuRCA
v.2.3.2 (54) with default parameters.

In silico prediction of serotypes, multilocus sequence types, antimicrobial resistance genes,
and plasmid types. The MLST sequence types (STs) of each of the kitten aEPEC genome assemblies
were determined using the MLST scheme developed by Wirth et al. (55) using the MLST prediction tool
of the Center for Genomic Epidemiology (CGE) (http://www.genomicepidemiology.org/). Plasmids were
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detected in the kitten aEPEC genome assemblies using PlasmidFinder v.1.3 (56) with the default 95% nu-
cleotide identity threshold. The molecular serotype of each E. coli genome was predicted using
SerotypeFinder v.2.0 (https://cge.cbs.dtu.dk/services/SerotypeFinder/) with the default settings of an
85% nucleotide identity threshold and 60% minimum alignment length (57). Antibiotic resistance genes
were detected in each of the kitten aEPEC genome assemblies using the resistance gene identifier (RGI)
and the comprehensive antibiotic resistance database (CARD) v.3.0.0, with perfect or strict identification
criteria (58).

Phylogenomic analyses. The 12 kitten aEPEC genomes in this study were compared with 149
previously sequenced aEPEC genomes (22) and E. coli and Shigella reference genomes (see Table
S3 in the supplemental material) by a single nucleotide polymorphism (SNP)-based phylogenomic
analysis as previously described (21, 59, 60). In Silico Genotyper (ISG) was used to identify con-
served SNP sites in all of the genomes relative to the genome of E. coli isolate IAI39 (GenBank
accession number NC_011750.1) of phylogroup F as a reference. There were 159,427 conserved
SNP sites used to infer a maximum likelihood phylogeny with RAxML v7.2.8 (61) with the GTR
model of nucleotide substitution, the GAMMA model of rate heterogeneity, and 100 bootstrap
replicates. The phylogeny was midpoint rooted and labeled using FigTree v.1.4.3 (http://tree.bio
.ed.ac.uk/software/figtree/).

Gene alignments and phylogenetic analyses. Nucleotide sequences for specific genes were
aligned in MEGA5 using the ClustalW algorithm as previously described (62, 63). A maximum likelihood
phylogeny was constructed using the Kimura two-parameter model of distance estimation with 1,000
bootstrap replications (64).

BLAST score ratio analysis. The presence or absence of known virulence-associated genes in the
genome sequences generated in this study was determined using BLAST score ratio (BSR) analysis with
TBLASTN to compare the amino acid sequences of known virulence associated genes with each genome
as previously described (21, 38, 44, 45). Protein-encoding genes that were considered present and with
significant similarity had BSR values.0.8, while those with BSR values of,0.8 but$0.4 were considered
to be present but divergent.

A de novo large-scale BLAST score ratio (LS-BSR) analysis was used to predict protein-encoding genes
and compare their distributions using BLASTN among the 12 kitten aEPEC and 149 human aEPEC
genomes, as previously described (21, 45). Genes that were identified with an LS-BSR value of $0.8 were
considered present, while genes that had an LS-BSR value of ,0.4 were considered absent from the
genomes.

Virulence gene PCR. Each isolated colony of kitten aEPEC was mixed in 100ml nuclease-free
water and heated at 100°C for 30 min to liberate DNA. PCR amplification of virulence -associated
genes spanning the locus of enterocyte effacement (LEE) were selected, including an ATPase of
the T3SS (escN), an extracellular secreted protein (esp) associated with extension of the T3SS subu-
nits (espA), and the LEE regulator (ler). Also selected for PCR was the non-LEE gene lymphocyte in-
hibitory factor (lifA) (otherwise known as enterohemorrhagic E. coli [EHEC] factor for adherence
[efa1]) (26, 65–68). All conventional PCR assays were performed using previously published primer
sequences and reaction conditions (68–71) (see Table S4 in the supplemental material). PCR prod-
ucts were isolated by electrophoresis on 1.5% agarose gels stained with either ethidium bromide
or commercially available DNA stain (GelRed; Biotium, Fremont, CA) and visualized using a UV
imager (Bio-Rad, Hercules, CA or UVP LLC, Upland, CA).

Biofilm formation. In vitro biofilm formation by each kitten aEPEC isolate was determined by incu-
bation in 2 different growth media including lysogeny broth (LB) without salt and LB with low salt (5 g/li-
ter NaCl). Biofilm assays were performed on 96-well polystyrene suspension culture plates (Olympus
plastics; Genesee Scientific, San Diego, CA) as previously described (72). Briefly, overnight cultures of
aEPEC were inoculated into wells containing medium at a 1:100 dilution and incubated statically at
room temperature (;21°C) for 72 h. Media and planktonic bacteria were removed by rinsing 4 times,
and plates were dried prior to adding 0.1% crystal violet for a 10-min incubation. Plates were rinsed 5
times to remove the crystal violet solution and dried overnight. Crystal violet retained within the biofilm
was solubilized in 30% acetic acid for 10 min and quantified by absorption at 550 nm in a BioTek
Synergy 2 microplate reader (BioTek US, Winooski, VT). Each experimental run included medium-only
wells, typical EPEC (strain E2348/69) (73), nonpathogenic E. coli (ATTC 25922), and selected strains of kit-
ten aEPEC. Each isolate was assayed in quadruplicates for each experiment and under each experimental
condition, and each biofilm assay was repeated three times. Optical densities at 550 nm were averaged
and compared for differences between NC and LI isolates by using a one-way analysis of variance
(ANOVA).

Motility assay. Motility assays were performed as previously described (74, 75). Each aEPEC isolate
was cultured overnight, diluted 100-fold, and normalized to an optical density at 600 nm (OD600) using
sterile phosphate-buffered saline (PBS). In addition to aEPEC isolates, tEPEC (E2348/69) and E. coli (ATTC
25922) were included in each assay as controls. Five microliters of each normalized aEPEC solution was
inoculated onto 0.3% agar plates and incubated at 37°C for 5 h. At 5 h, the diameter of bacterial spread
extending from the site of aEPEC inoculation was measured. Each isolate was assayed on 2 to 3 plates
per experiment, and experiments were repeated 3 times. Isolates were considered nonmotile when the
diameter of spread was ,6mm, poorly motile when 6 to 9mm, moderately motile when 9 to 11mm,
and highly motile when .11mm.

Fluorescence actin-staining test. In vitro adherence of kitten aEPEC was performed using HEp-2
cell (ATCC CCL23) monolayers. HEp-2 cells were cultured at 37°C and 5% CO2 in Eagle’s minimum
essential medium supplemented with 10% fetal bovine serum and seeded onto 4-well chamber

Watson et al. Infection and Immunity

March 2021 Volume 89 Issue 3 e00619-20 iai.asm.org 10

https://cge.cbs.dtu.dk/services/SerotypeFinder/
https://www.ncbi.nlm.nih.gov/nuccore/NC_011750.1
http://tree.bio.ed.ac.uk/software/figtree/
http://tree.bio.ed.ac.uk/software/figtree/
https://iai.asm.org


slides (Nunc Lab-Tek II; Thermo Fisher Scientific, Waltham, MA). HEp-2 monolayers were utilized
for adhesion experiments at an estimated confluence of 60% (;105 cells per monolayer). Fourteen
kitten aEPEC isolates, tEPEC E2348/69, and E. coli (ATCC 25922; ATCC, Manassas, VA) were incu-
bated overnight at 37°C and 120 rpm in LB, diluted based on OD600 to a concentration of 108 CFU/
ml, and then inoculated onto HEp-2 monolayers at a multiplicity of infection (MOI) of 10:1. Each
isolate was assayed on triplicate monolayers. Infected and medium-only monolayers were incu-
bated at 37°C in 5% CO2 for a total of 6 h, with nonadhered bacteria being removed after 3 h via
washing of the monolayers. Following the 6 h incubation, monolayers were washed with sterile
PBS and fixed with 3.7% formalin in PBS (pH 7.0) for 15 min. Monolayers were washed with PBS,
permeabilized with 0.5% Triton X-100 for 5 min, and then washed three times with PBS. For visual-
ization of actin aggregation, Acti-stain 488 phalloidin (Cytoskeleton, Inc., Denver, CO) was added
to each monolayer, and slides were incubated for 30 min in a humidified chamber protected from
light. Following staining, monolayers were washed three times with PBS, and coverslips were
applied using Vectashield mounting medium containing 49,6-diamidino-2-phenylindole (DAPI)
(Vector Labs, Burlingame, CA). Slides were viewed on a Leica DM5000B fluorescence microscope.
Following fluorescence imaging, coverslips were removed and monolayers were fixed, stained
with eosin and methylene blue (Kwik-Diff; Thermo Scientific, Kalamazoo, MI), and viewed on a tra-
ditional bright-field microscope.

Statistical analysis. Data were tested for normal distribution using the Kolmogorov-Smirnov test
and for equal variance using the Leven median test and analyzed using parametric or nonparametric
statistics as appropriate. Significant differences in distributions of observations between aEPEC isolates
were examined using Fisher’s exact test and odds ratios. Differences in the mean or median values of
continuous data were analyzed using Student’s t tests, one-way ANOVAs, or Mann-Whitney rank sum
tests. Analyses were performed using commercial software (SigmaPlot 12; Systat Software, Inc., San Jose,
CA, and Prism, GraphPad Software, San Diego, CA). Data were considered significant when the P value
was,0.05.

Data availability. The complete genome assemblies of kitten aEPEC genomes sequenced in this
study have been deposited in GenBank under the accession numbers VXDG00000000 to VXDR00000000
(Table 1).
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